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(57) ABSTRACT

Systems, apparatuses, and methods for generating hot gases
based on catalyzation involving flowing catalyst. Catalysis
occurs in a flow-type mixing catalyzation channel in which
a liquid catalyst mixes with a liquid reactant flowing in a
desired flow regime, such as a striated (laminar) flow regime
or a slug flow regime. Devices such as micro-thrusters for
satellite and other applications and hot gas generators for
powering another device, such as an electrical generator, can
be made using one or more flow-type mixing catalyzation
channels.

KB"%S

904(4)

904(1)



Patent Application Publication = May 18, 2017 Sheet 1 of 8 US 2017/0138309 A1

Concentration of H,0, (%}

0 20 40 80 80 100
- VAL B L L
x 1200 .
o - ; O Smuia:ted H,0(G)
3 .| | Analytical +
& 1000F | 0,(G)
g; ) HQS(L_) H,O(L)
{E 8OO O5(G)  H,0(G)
e " +
3 - O,(G
L 600} 2©)
2 i
& X
& 400- -
g - 3
q I{:;jl ! I{:EEI i ![:!:]l ! 3 [} E 1 L X i

1.0 0.8 0.6 0.4 0.2 0.0
Mass fraction of H,0

FIG. 1




Patent Application Publication = May 18, 2017 Sheet 2 of 8 US 2017/0138309 A1

232
v
2404 240
244 955
\ J /
D 240C

236C(1)
1 248(2) 22001 204

f
N

Ny
3~
/

P
<O
N

W

/2368 256(1) \ 218
236A 2408/ 236C(2)
256(2)
236
FIG. 2B
300
316 324(1 304 328

316 324(2) L,

Y

B

320(3)

FIG. 3



Patent Application Publication = May 18, 2017 Sheet 3 of 8 US 2017/0138309 A1
400
N 436 1
\‘ 432
4328~ \
440
"/ 4328 452(2)
440A 404
\v 4408 4320 J416 w/
[___('\..__»_
412 .
7 /} %1; \‘
420 * 408
" 452(3)
440C 4248 424G
P 4240




Patent Application Publication @ May 18, 2017 Sheet 4 of 8 US 2017/0138309 A1

Hydraulic Diamesters Downstream
0 20 40 60 80 100 120 140

100..])!!!i!llil!!i!l!!lﬂiEil!!!!lii
i --{}- Lamellar Flow
-\ —— Taylor Flow
80 ¢
g R
% i
= 60k
m e
> R
b R
32 401
20
O‘Ilililillsiiilﬂiulii
o 1000 2000 3000 4000
Downstream Location {um)
FIG. 5
POWER 600
MIXING CATALYZATION CONVERTER KSYSTEM
DEVICE 608

£16
J {

[

¥
¥

/ /

604 612
FLOW-TYPE MIXING DRIVEN DEVICE
CATALYZATION SYSTEM
FIG. 6



May 18, 2017 Sheet 5 of 8 US 2017/0138309 A1

Patent Application Publication

p——

FIG. 8



Patent Application Publication = May 18, 2017 Sheet 6 of 8 US 2017/0138309 A1

920
004(2) 912(3)A

912(2)B 816 g904(5
912(2)A | % oy ( )/ﬁ

Ae912(4)A

9@4{4)
912(4)B  908(1)

FIG. 9

904(5)

904(1)

904(2)

FIG. 10A



Patent Application Publication

904(4)~¢

May 18, 2017 Sheet 7 of 8

US 2017/0138309 A1

908{4)“’/@
900" A
L 908(1)
FIG. 10B
B04(3)~  ,-908(3)A
s P )
1000(3) . [ ™ *._gpa(3)
pu s
1000(3)B~" |11
I+,
B3 1000(3)A
908(2) & 1000(4) 1..1000(4)B
5 9@4@“ 904(4)2 s (ém(-«f@)
e 000(2)A ...,i.iwmw <
¥ L 904(2) ==ty 508(4
A8y 904 A
9&8%' E_:::;P::%jg_g E 9{)4{,” 1{)95{4)%\\ ‘0".;
804(2) L -1000(2) {
1000(2)B SOBA
1000(1HA- b= @
~$:r;§
A1 1000(1)B
1000(1) - |F¥
go8(1)~"
S08(1)A &\-804“}

FIG. 10C



Patent Application Publication = May 18, 2017 Sheet 8 of 8 US 2017/0138309 A1

I

004(5) w818
90;(1) 904(2) 904(4) 904<3)
T 2 | [ elEEs, T
e Ld L .
=N 2 100004 a1
1000(1)  1000(2) @ 1000(3)
908(4) .
908(1) 08(3)
FIG. 10D

1112




US 2017/0138309 Al

MICROFLUIDIC HOMOGENEOUS
CATALYZATION SYSTEMS AND METHODS,
AND APPARATUSES INCORPORATING
SAME

RELATED APPLICATION DATA

[0001] This application claims the benefit of priority of
U.S. Provisional Patent Application Ser. No. 62/256,175
filed on Nov. 17, 2015, and titled “MICROFLUIDIC
HOMOGENEOUS CATALYSIS SYSTEMS AND METH-
ODS, AND APPARATUSES INCORPORATING SAME”,
which is incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with Government support
under Grant No. 25399 YR4 SBIR awarded by the Vermont
Experimental Program to Stimulate Competitive Research
(EPSCoR); Grant No. NNO9AOG60A awarded by the
National Aeronautics and Space Administration (NASA);
and Grant No. FA9550-06-1-0364 awarded by the Air Force
Office of Scientific Research (AFOSR). The government has
certain rights in this invention.

FIELD OF THE INVENTION

[0003] The present invention generally relates to the field
of microfluidics. In particular, the present invention is
directed to microfluidic homogeneous catalyzation systems
and methods, and apparatuses incorporating same.

BACKGROUND

[0004] Catalysis systems are known, for example, in the
field of miniaturized monopropellant propulsion systems.
The majority of focus of work in this field has been on
heterogeneous catalyzation-based systems using solid cata-
lyst beds, for example, in the form of pillar arrays, into
which a liquid monopropellant is flowed to cause the cata-
Iytic process that decomposes the monopropellant to gener-
ate expanding gas that results in thrust. Heterogeneous
catalyzation-based monopropellant propulsion systems have
limitations due to the need to force the monopropellant
through the catalyst beds that can provide significant flow
resistance. In at least one case, researchers experimented
with using homogeneous catalysis, which uses a liquid
monopropellant and a liquid catalyst as the basis for a
micro-thruster. However, in that experiment the mixing of
the monopropellant and catalyst was quite inefficient.

SUMMARY OF THE DISCLOSURE

[0005] In one implementation, the present disclosure is
directed to a catalyzation system that includes a liquid
monopropellant source containing a liquid monopropellant;
a liquid catalyst solution source containing a liquid catalyst
solution; an elongated mixing catalyzation channel having a
hydraulic diameter less than 5 mm; a liquid monopropellant
inlet in fluid communication with the liquid monopropellant
source; and a liquid catalyst solution inlet in fluid commu-
nication with the liquid catalyst solution source and located
proximate to the liquid monopropellant inlet; and a flow
control system designed and configured to control flow of
each of the liquid monopropellant and liquid catalyst solu-
tion to, respectively, the liquid monopropellant inlet and the
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liquid catalyst solution inlet so as to create one or the other
of 1) striated laminar flow and 2) slug flow in the elongated
mixing catalyzation channel.

[0006] In another implementation, the present disclosure
is directed to a propulsion thruster designed and configured
to operate using a liquid monopropellant and a correspond-
ing liquid catalyst solution. The propulsion thruster includes
an elongated mixing catalyzation channel having a hydraulic
diameter less than 5 mm; a liquid monopropellant inlet; a
liquid catalyst solution inlet located proximate to the liquid
monopropellant inlet; and an outlet located distally from the
liquid monopropellant inlet and the liquid catalyst solution
inlet; and a propelling nozzle located proximate to the outlet
of the elongated mixing catalyzation channel and in fluid
communication with the elongated mixing catalyzation
channel.

[0007] In still another implementation, the present disclo-
sure is directed to a spacecraft that includes a liquid mono-
propellant storage reservoir designed and configured to store
a liquid monopropellant; a liquid catalyst solution storage
reservoir designed and configured to store a liquid catalyst
solution; a propulsion thruster that includes an elongated
mixing catalyzation channel having a hydraulic diameter
less than 5 mm; a liquid monopropellant inlet in fluid
communication with the liquid monopropellant storage res-
ervoir; a liquid catalyst solution inlet located proximate to
the liquid monopropellant inlet, the liquid catalyst solution
inlet in fluid communication with the liquid catalyst solution
storage reservoir; and an outlet located distally from the
liquid monopropellant inlet and the liquid catalyst solution
inlet; and a propelling nozzle located proximate to the outlet
of the elongated mixing catalyzation channel and in fluid
communication with the elongated mixing catalyzation
channel; and a flow control system designed and configured
to control flow of each of the liquid monopropellant and
liquid catalyst solution to, respectively, the liquid monopro-
pellant inlet and the liquid catalyst solution inlet so as to
create one or the other of 1) striated laminar flow and 2) slug
flow in the elongated mixing catalyzation channel.

[0008] In a further implementation, the present disclosure
is directed to a method of making a thruster. The method
includes forming a homogeneous mixing catalyzation chan-
nel using additive manufacturing; forming at least one
monopropellant input channel using additive manufacturing,
wherein the at least one monopropellant input channel is in
fluid communication with the homogeneous mixing cata-
lyzation channel; forming at least one catalyst input channel
using additive manufacturing, wherein the at least one
catalyst input channel is in fluid communication with the
homogeneous mixing catalyzation channel; and forming at
least one nozzle using additive manufacturing, wherein the
at least one nozzle is in fluid communication with the
homogeneous mixing catalyzation channel.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For the purpose of illustrating the invention, the
drawings show aspects of one or more embodiments of the
invention. However, it should be understood that the present
invention is not limited to the precise arrangements and
instrumentalities shown in the drawings, wherein:

[0010] FIG. 1 is a graph of adiabatic flame temperature of
hydrogen peroxide decomposition versus mass fraction of
water;
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[0011] FIG. 2A is a diagrammatic view of an exemplary
combustion device that includes a striated-flow mixing
catalyzation channel having two monopropellant inputs and
a single aqueous catalyst input;

[0012] FIG. 2B is a schematic diagram of an exemplary
striated-flow combustion system that includes the exemplary
combustion device of FIG. 2A;

[0013] FIG. 3 is a diagrammatic view of an exemplary
combustion device that includes a striated-flow mixing
catalyzation channel having three monopropellant inputs
and two aqueous catalyst inputs;

[0014] FIG. 4A is a schematic diagram of an exemplary
slug-flow combustion system that includes a combustion
device comprising a slug flow mixing catalyzation channel
having two monopropellant inputs and a single catalyst
input;

[0015] FIG. 4B is a diagrammatic view of the combustion
device of FIG. 4A;

[0016] FIG. 5 is a graph showing a plot of maximum
variance of laminar flow vs. slug (or Taylor) flow;

[0017] FIG. 6 is a high-level block diagram illustrating a
power generating system that is driven by a mixing cata-
lyzation system;

[0018] FIG. 7 is a partially transparent isometric view of
a monolithic 3D printed experimental micro- thruster made
in accordance with aspects of the present disclosure;
[0019] FIG. 8 is a partially transparent isometric view of
a micro-thruster system utilizing multiple mixing catalyza-
tion thrusters formed in a monolithic thruster body;

[0020] FIG. 9 is an enlarged partial isometric view/partial
schematic view of the monolithic thruster body of FIG. 8,
showing the monopropellant and catalyst valve assemblies
secured to the monolithic thruster body;

[0021] FIG. 10A is an enlarged isometric view showing
the valve-assembly side of the monolithic thruster body of
FIGS. 8 and 9;

[0022] FIG. 10B is an enlarged isometric view showing
the nozzle side of the monolithic thruster body of FIGS. 8
and 9;

[0023] FIG. 10C is an enlarged plan view of the valve-
assembly side of the monolithic thruster body of FIGS. 8 and
9;

[0024] FIG. 10D is an enlarged side view of the mono-
lithic thruster body of FIGS. 8 and 9; and

[0025] FIG. 11 is a schematic diagram of a combustion
device made in accordance with the present disclosure and
having a serpentine mixing catalyzation channel.

DETAILED DESCRIPTION

[0026] Some aspects of the present invention are directed
to systems and methods for generating hot gasses from the
exothermic decomposition of a suitable chemical (hereinat-
ter, “a monopropellant”) initiated by a liquid catalyst in a
microfiuidic flow regime, such as in a fluid-flow-mixing
catalyzation channel having a hydraulic diameter in a range
of about 5 pm up to about 5 mm. Using these systems and
methods, the hot gasses can be generated with low input
power (when compared to a catalyst bed), low pressure drop
(when compared to a catalyst bed), and reduced design and
manufacturing cost (when compared to a catalyst bed).
These gases are suitable, for example, for driving a turbine
or piston motor, or for satellite propulsion or other vehicle
propulsion. The specific examples illustrated are suited to
space applications; however, those skilled in the art will
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readily understand the variety of applications to which the
microfiuidic fluid flow catalyzation systems and methods of
the present disclosure can be applied.

[0027] Generally, in methods disclosed herein, an inor-
ganic catalyst (e.g., ferric chloride) of 1% to 50%, by
weight, dissolved in an inert solvent (e.g., water) or a
combustible solvent (e.g., methanol), when mixed in the
proper ratio with a monopropellant (e.g., hydrogen perox-
ide) in a controlled manner, results in spontaneous, rapid,
exothermic decomposition of the monopropellant. Adiabatic
flame temperatures of at least 1100 K for an inert solvent and
at least 2300 K for a combustible solvent can be achieved.
This can produce a specific impulse of 75-160 s and 200-330
s, respectively.

[0028] Important advantages of a system of the present
disclosure all stem from the removal of the catalyst bed
present in conventional monopropellant systems. Conse-
quences of this include:

[0029] Pressure Drop: For many small spacecraft, there
are limitations to the pressurization of fuel storage
tanks. CubeSats (see, e.g., www.cubesat.org)for
example, are limited to fuel pressurization of no more
than 1.2 atm. One of the largest sources of pressure
drop in a micro-thruster is a traditional catalytic cham-
ber, where liquid is forced through a densely-packed
catalyst bed. If the pressure drop through the catalyst
bed is too high, the flow rate can be significantly
decreased, with a proportional decrease in thrust. The
invention precludes the necessity of a catalyst bed, and
so there is no pressure drop associated with the cata-
Iytic chamber.

[0030] Preheating: One technique that has been adopted
for overcoming issues associated with incomplete
decomposition at the microscale is to preheat the cata-
lyst bed, typically with an electric heater (e.g. a thermal
resistive heater). By raising the temperature of the
catalyst bed, monopropellant entering the chamber will
be closer to the auto-decomposition temperature. This
preheating can require significant power; the “Green
Monopropellant Thruster,” available from Busek Com-
pany, Inc., Natick, Mass., (which uses a preheated
catalyst bed) requires 4.5 W to 50 W, depending on
model. This is a prohibitive level of power for many
small satellite applications. The present invention
requires no power to initiate decomposition; the only
power draw is the valve operation. This draw will be
double a standard system (as it requires controlling two
fluids, compared to one for a standard system) and is,
in some embodiments, in the vicinity of 2 W.

[0031] Ease of Manufacture/Cost: Catalytic beds are
one of the largest costs when developing a chemical
propulsion system, as they are challenging to manu-
facture and often use precious metals (e.g., Ag, Ir, Pt).
By eliminating the catalyst bed, these expenses are
eliminated.

[0032] The removal of the catalyst bed has far-reaching
ramifications. For example, this allows for micro-thruster
designs that can be additively manufactured (3D printed) or
MEMS-manufactured in a single step. Further, this allows
for thrusters that can be 3D printed integrally with other
structure of a satellite or other device. A second impact on
manufacturing is that the “catalyst chamber” can simply be
a fluid-flow-mixing catalyzation channel in which the fluids
mix. Since there does not need to be a catalyst bed in this
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fluid-flow-mixing catalyzation channel, it does not need to
be a long, straight channel, which means it can be designed
to fit in more compact spaces (e.g., by making the fluid-
flow-mixing catalyzation channel a serpentine path to
achieve the required mixing length).

[0033] When operated purely as a monopropellant
thruster, a homogeneous fluid-flow catalysis system has a
decrease in total impulse when compared to an equivalent
heterogeneously catalyzed system. Total impulse is the
thrust produced by the system multiplied by the amount of
time the thruster can run, which is directly proportional to
the amount of fuel on board. When the system is operated as
a monopropellant (i.e., when the catalyst is dissolved in an
inert liquid such as water) there is a reduction in perfor-
mance, as the mass of inert water carried does not contribute
to the total impulse. In a mass- or volume-constrained
environment such as for a CubeSat, this impact on total
impulse is related to the ratio of aqueous catalyst required to
achieve complete decomposition. For example, if there is a
4:1 ratio of monopropellant to aqueous catalyst, then the
invention would have a 20% reduction in total impulse when
compared to a traditional catalyst-bed-based monopropel-
lant thruster. This disadvantage may tend to reduce the
applicability of the certain embodiments of the present
invention for large scale systems, wherein a catalyst bed
does not inhibit performance. Conversely, this disadvantage
can be eliminated by using a combustible solvent (such as
alcohol), in which case the system would offer equivalent
performance to a bipropellant thruster using a traditional
catalyst bed.

[0034] Exemplary List of Possible Monopropellant/Cata-
lyst Combinations

[0035] Requirements for operation of a system of the
present disclosure are a monopropellant, an inorganic cata-
lyst, and a polar solvent. The monopropellants of signifi-
cance are hydrogen peroxide, hydroxlammonium-nitrate
-based blends and ammonium dinitramide -based blends.
Decomposition for each of these are catalyzed by various
metals; while there are long lists of these, the only ones of
relevance to certain embodiments of the invention are those
that are soluble in liquid. Specific combinations of impor-
tance to the propulsion or energy generation application
include:

[0036] For hydrogen peroxide, catalysts:
[0037] Fe(ID)Cl,
[0038] Fe(IDCI,
[0039] MnO,
[0040] KI
[0041] For hydroxlammonium-nitrate (HAN)-based
(e.g., AF-M315E), catalysts:
[0042] Ir/A,O,
[0043] Pt/A,O,
[0044] For ammonium dinitramide (ADN) (e.g., FLP-
106), catalysts:
[0045] NH**
[0046] H>*
[0047] Each of these should be soluble in a polar

solvent, such as water, among others.

Alcohol as a Solvent

[0048] Techniques described herein allow for operation as
a monopropellant, but they can also be used for a bipropel-
lant if the monopropellant is also an oxidizer (e.g., hydrogen
peroxide). An illustrative example is a hydrogen peroxide/
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2-propanol bipropellant rocket. 2-propanol can be used as
the solvent for a variety of appropriate catalysts, for example
Fe(IIDCl;. When the 2-propanol solution and hydrogen
peroxide are introduced into an appropriate fluid-mixing
catalyzation channel, the decomposition provides the heat
and the oxygen required for combustion. The result is a
much higher adiabatic flame temperature (2600 K) than a
hydrogen peroxide thruster (1100 K).

[0049] This feature has been demonstrated using 2-propa-
nol, ethanol, hexanol, methanol, and n-hexane as solvents
and hydrogen peroxide as the oxidizer. In each case, spon-
taneous combustion is achieved by mixing the products in a
proper ratio. Alcohols that are non-polar solvents, such as
isopropyl alcohol and butanol, are not appropriate for this
application as most known catalysts for hydrogen peroxide
are insoluble in non-polar solvents.

[0050] Another feature of a combustible solvent is the
possibility of dual-mode operation. In this scenario, the ratio
of monopropellant and combustible solvent can be con-
trolled using suitable control means, such as using propor-
tional valves, to control the flow rate entering the mixing
chamber in order to offer performance ranging between the
performance of a monopropellant (moderate thrust) and the
performance of a bipropellant (high thrust). The former
performance level is appropriate for attitude control, while
the latter is appropriate for primary propulsion. This flex-
ibility is of paramount importance for mass- and volume-
constrained environments, such as spacecraft.

Monopropellant/Catalyst Ratios

[0051] For a liquid monopropellant, some of the energy
released during decomposition is required to raise the liquid
to vaporization temperature and to vaporize the products. If
there is insufficient chemical energy available, there will be
incomplete decomposition and, consequently, poor perfor-
mance. This requirement sets the minimum concentration of
monopropellant that is required for operation. For a hydro-
gen peroxide/water mixture, and as illustrated in FIG. 1, this
requires that at least 67% of the liquid is hydrogen peroxide
to have sufficient chemical energy to vaporize all of the
products.

[0052] For a homogeneously catalyzed system, wherein
the inputs are 90% hydrogen peroxide and an aqueous
catalyst, this requires that the minimum ratio of hydrogen
peroxide to catalyst being mixed is 3:1.

[0053] For operation as a bipropellant thruster, the ratio of
oxidizing agent (e.g., hydrogen peroxide) to fuel (e.g.,
2-propanol) is a driving factor. This may make some com-
binations of oxidizer and fuel inefficient if the ratios required
for generating decomposition varies significantly from the
ratios required for combustion. This may be mostly a
theoretical concern, as all of the fuels tested did not have this
problem.

Exemplary Embodiments

Propulsion—Striated Flow

[0054] For striated-flow mixing catalyzation channels,
such as striated-flow mixing catalyzation channels 204 and
304 of FIGS. 2A and 3, respectively, described below,
having hydraulic diameters between 500 um and 5 mm,
mixing in a microfluidic channel can be accomplished by
creating laminar flow (e.g., flow with a Reynolds Number
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from 1 to 100), for example using a technique such as any
of the techniques illustrated in the examples of FIGS. 2A,
2B, and 3. Due to the low Reynolds number observed at
these dimensions, introducing new liquids into the striated-
flow mixing catalyzation channel will result in a layered
flow. At each interface between the monopropellant and
catalyst, these materials will react with one another. In a
simple configuration, the monopropellant and aqueous cata-
lyst meet at a cross junction, with a single layer of catalyst
between two layers of monopropellant, and this is illustrated
in FIG. 2A. Increasing the number of layers, such as
illustrated in FIG. 3, increases the surface area for reaction,
which decreases the length required to achieve complete
decomposition. Thus, with everything other than the number
of layers being equal, the length 1.2 of striated-flow mixing
catalyzation channel 304 of FIG. 3 can be shorter than length
L1 of striated-flow mixing catalyzation channel 204 of FIG.
2A.

[0055] FIG. 2A illustrates an exemplary combustion
device 200 having a striated-flow mixing catalyzation chan-
nel 204 that provides initial striated flow 208 of a mono-
propellant 212 and a catalyst 216 and a length, L1, that
allows the monopropellant and catalyst to mix and react with
one another to form high-temperature gases 218. In this
example, striated-flow mixing catalyzation channel 204 has
two monopropellant inputs 220(1) and 220(2) and a single
catalyst input 224. In the embodiment shown, combustion
device 200 further includes a supersonic micronozzle 228
for providing a thrust. Monopropellant 212 and catalyst 216
may be any suitable monopropellant and catalyst combina-
tion, such as any of the monopropellant and catalyst com-
binations noted above.

[0056] FIG. 2B illustrates an exemplary laminar-flow
combustion system 232 that includes combustion device
200. In this example, laminar-flow combustion system 232
includes a monopropellant delivery system 236 that includes
a pressurized monopropellant storage tank 236A, a mono-
propellant flow control valve 236B (e.g., a proportional
valve), and a pair of delivery conduits 236C(1) and 236C(2)
fluidly connected to monopropellant inputs 220(1) and 220
(2) of striated-flow mixing catalyzation channel 204. Lami-
nar-flow combustion system 232 also includes a catalyst
delivery system 240 that includes a pressurized catalyst
storage tank 240A, a catalyst flow control valve 240B (e.g.,
a proportional valve), and a delivery conduit 240C fluidly
connected to catalyst input 224 of striated-flow mixing
catalyzation channel 204. By varying the flow rates of the
liquids entering striated-flow mixing catalyzation channel
204, the output (e.g., thrust) of laminar-flow combustion
system 232 can be varied. By controlling the monopropel-
lant and catalyst flow rates via proportional valves 2368 and
240B, respectively, the temperature of exhaust gases 218 can
be controlled. These flow rates are directly related to the
ratio of monopropellant 212 to catalyst 216 desired. For
example, to achieve a 4:1 ratio in system 232 shown in FIG.
2B, the flow rate of monopropellant 212 should be four
times higher than the flow rate of catalyst 216. Laminar-flow
combustion system 232 of FIG. 2B may include a flow
control system 244 that automatically controls monopropel-
lant and catalyst flow control valves 2368 and 240B, respec-
tively, so that the system produces the desired output.
Control system 244 may include suitable valve actuators
248(1) and 248(2) controlled by a microprocessor-based
controller 252.
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[0057] In a specific example, dispensing of monopropel-
lant 212 and catalyst 216 may be based on conditions within
monopropellant and catalyst storage tanks 236A and 240A,
respectively. For example, based on tank pressure and
known flow coefficients for valves 236B and 240B and given
a valve opening time, it is known how much of each of
monopropellant 212 and catalyst 216 is flowing into striated-
flow mixing catalyzation channel 204. In some embodi-
ments, an appropriately sized mass-flow sensor 256(1) and
256(2) may be used downstream of each of monopropellant
and catalyst flow control valves 236B and 240B and
upstream of the corresponding inputs 220(1), 220(2), and
224 to striated-flow mixing catalyzation channel 204 to gain
more accurate information on the inlet conditions of the
striated-flow mixing catalyzation channel 204. In some
embodiments and for either monopropellant operation or
dual mode operation involving oxidation, a temperature
sensor (not shown) in communication with a control system,
such as control system 244, can be used to monitor tem-
perature within the striated-flow mixing catalyzation chan-
nel. The control system can use the monitored temperature
as feedback to control a catalyst flow control valve, such as
catalyst control valve 240B, to control the amount of catalyst
entering the striated-flow mixing catalyzation channel; for
example, less catalyst is needed as the channel temperature
increases. In some applications, the increased complexity
and cost of deploying a temperature monitoring and feed-
back system may not justify the catalyst savings.

[0058] FIG. 3 illustrates another exemplary combustion
device 300 having a striated-flow mixing catalyzation chan-
nel 304 that provides initial striated flow 308 of a mono-
propellant 312 and a catalyst 316 and a length, L2, that
allows the monopropellant and catalyst to mix and react with
one another to form a high-temperature gas. In this example,
striated-flow mixing catalyzation channel 304 has three
monopropellant inputs 320(1) to 320(3) and two catalyst
inputs 324(1) and 324(2). In the embodiment shown, com-
bustion device 300 further includes a supersonic
micronozzle 328 for providing a thrust. Monopropellant 312
and catalyst 316 may be any suitable monopropellant and
catalyst combination, such as any of the monopropellant and
catalyst combinations noted above. Although not shown, the
flows of monopropellant 312 to monopropellant inputs 320
(1) to 320(3) may be routed and controlled in any suitable
manner, such as using multiple delivery conduits and/or one
or monopropellant flow control valves. Similarly, the flows
of catalyst 316 to catalyst inputs 324(1) and 324(2) may be
routed and controlled in any suitable manner, such as using
multiple delivery conduits and/or one or more catalyst flow
control valves.

Propulsion-Slug Flow

[0059] For mixing catalyzation channel sizes between 5
um and 500 pm, a slug flow regime can be a more appro-
priate mixing technique for a particular application. In a
slug-flow mixing catalyzation channel, an inert gas, an
aqueous catalyst, and the monopropellant are controllably
introduced at a junction, resulting in the formation of
discrete liquid slugs of monopropellant and catalyst inter-
spersed by gas bubbles, as illustrated in the exemplary
slug-flow combustion system 400 of FIG. 4A.

[0060] Referring to FIG. 4A, in this example, slug-flow
combustion system 400 includes a combustion device 404
comprising a slug-flow mixing catalyzation channel 408
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having three inputs, namely, a monopropellant input 412, a
catalyst input 416, and an inert-gas input 420. A monopro-
pellant delivery system 424 provides a monopropellant 428
to monopropellant input 412, a catalyst delivery system 432
provides a catalyst 436 to catalyst input 416, and an inert-gas
delivery system 440 provides an inert gas 444 to inert-gas
input 420. In this embodiment, monopropellant delivery
system 424 includes a pressurized monopropellant tank
424A, a valve 424B (e.g., a proportional valve), and a
delivery conduit 424C in fluid communication with mono-
propellant input 412 of slug-flow mixing catalyzation chan-
nel 408. Catalyst delivery system 432 includes a pressurized
catalyst tank 432A, a valve 432B (e.g., a proportional valve),
and a delivery conduit 432C in fluid communication with
catalyst input 416 of slug-flow mixing catalyzation channel
408. Inert gas delivery system 440 includes a pressurized
inert-gas tank 440A, a valve 440B (e.g., a proportional
valve), and a delivery conduit 440C in fluid communication
with inert-gas input 420 of slug-flow mixing catalyzation
channel 408. Also in the embodiment shown, slug-flow
combustion system 400 includes a controller 448 in opera-
tive communication with valve actuators 452(1) to 452(3)
that control, respectively, valves 424B, 432B, and 440B.
When appropriately programmed, controller 448 controls
valve actuators 452(1) to 452(3) to create discrete slugs 456
(FIG. 4B), each containing a portion of monopropellant 428
and a portion of catalyst 436, separated by volumes 460 of
inert gas 444. Exemplary control schemes for slug-flow-
based embodiments may be nearly identical to the exem-
plary control schemes described above relative to FIG. 4 but
with the additional system input of the inert gas.

[0061] Each slug 456 (FIG. 4B) develops an internal
recirculation as it moves down slug-flow mixing catalyza-
tion channel 408, which results in enhanced mixing, and a
decrease in the length 1" of the slug-flow mixing catalyza-
tion channel over which decomposition occurs when com-
pared to purely laminar flow. One example of this improve-
ment comes from a study performed of flow in a 50 umx20
pm microchannel. In that study, numerical simulations of
hydrogen peroxide and water being pumped into the micro-
channel were performed. Laminar flow and slug (or Taylor)
flow were both simulated, and the mixing (characterized by
the maximum variance of concentration of hydrogen perox-
ide) was measured at a number of discrete locations in the
microchannel. FIG. 5 is a graph showing the results of these
simulations in which the slug flow offers nearly two times
the mixing at 1000 pm downstream and nearly seven times
the mixing at 4000 pm.

[0062] In the embodiment shown, combustion device 404
of FIG. 4B also includes a supersonic micronozzle 464, such
as may be present in a micro-thruster. An additional feature
of slug-flow operation is the ability to throttle thrust by
varying the size of inert gas volumes 460. Increasing the
length of gas volumes 460 (which can be accomplished, for
example, by increasing the pressure of inert gas 444 relative
to the pressure of catalyst 436 and monopropellant 428)
results in a decrease in thrust, and conversely a decrease in
the length of gas volumes results in an increase in thrust.
This throttling has been shown to decrease the thrust by up
to 50% when compared with a system with no inert gas
volumes.
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Non-Propulsive Applications

[0063] Both of the mixing catalyzation techniques (stri-
ated/slug) described herein can be used to generate hot
gasses in mini- and micro-scale channels. These hot gasses
could be used to turn a turbine or piston motor to generate
power, such as in a portable power generation unit. In this
configuration, the supersonic propelling micronozzle illus-
trated, for example, in FIGS. 2A, 3, and 4B, would be
removed from the channel, and a turbine or piston motor
would replace it. The rapid expansion of hot gasses formed
by mixing the monopropellant and catalyst solutions creates
the driving force for the turbine or piston motor. This is
illustrated in FIG. 6, which shows a system 600 that includes
a flow-type mixing catalyzation system 604, a power con-
verter 608, and a driven device 612.

[0064] Flow-type mixing catalyzation system 604
includes one or more mixing catalyzation devices 616, each
of which may be of the striated or slug type described above
or of a universal type that can provide both flow regimes
under proper control of the mixing catalyzation system. As
mentioned above, a difference between each mixing cata-
lyzation device 616 and mixing catalyzation devices 200,
300, and 404 of FIGS. 2A, 3, and 4B, respectively, is that it
may not have a thrust nozzle like thrust nozzles 228, 328,
and 464 of FIGS. 2A, 3, and 4B. Power converter 608
converts energy from flow-type mixing catalyzation system
604, such as from the expanding gas generated thereby, into
mechanical energy. For example, power converter 608 can
be a gas turbine or piston motor, among other things. Driven
device 612 can be any suitable device driven by power
converter 608. In one example, driven device 612 is an
electrical generator.

[0065] An example of a system that system 600 of FIG. 6
can be configured to emulate or replace is an emergency
power unit (EPU) of a F-16 Fighting Falcon made by
General Dynamics/Lockheed Martin Aeronautics. That EPU
uses the catalyzed decomposition of hydrazine to drive a
turbine and electrical generator to generate electrical power
if the F-16 main engines go offline. A system made in
accordance with aspects of the present invention could use
a similar concept to generate electricity for smaller scale
systems (e.g., for a human-carried power unit).

Experimental Results

[0066] Techniques described herein were used to fabricate
and test a scale-model micro-thruster 700 (FIG. 7) that uses
homogeneous catalysis. In these experiments, 85% hydro-
gen peroxide (the monopropellant) and a solution of deion-
ized water and 25% ferric chloride (the aqueous catalyst)
were pumped into a 5 mmx5 mmx20 mm striated-flow
mixing catalyzation channel 704, via, respectively, mono-
propellant input 708 and catalyst input 712, at a flow rate of
40 mL/h and 10 ml/h, respectively. A computer model of
micro-thruster 700 shown in FIG. 7 was built to simulate the
flow of the two liquids into the mixing chamber. The results
of these simulations show that at those flow rates, flow in the
mixing chamber is laminar, with no turbulent mixing. An
example of these simulation results is shown in FIG. 9 of
U.S. Provisional Patent Application Ser. No. 62/256,175
filed on Nov. 17, 2015, and titled “MICROFLUIDIC
HOMOGENEOUS CATALYSIS SYSTEMS AND METH-
ODS, AND APPARATUSES INCORPORATING SAME”
(“the *175 application”), which is incorporated herein by
reference above.
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[0067] From that computational model, a prototype of
micro-thruster 700 was 3D-printed out of a polymer. The
prototype was connected, via plastic tubing (not shown), to
syringe pumps (not shown) to control the flow rates of the
monopropellant and catalyst into the respective monopro-
pellant and catalyst inputs 708 and 712. A series of experi-
ments were run using the hydrogen peroxide/aqueous cata-
lyst noted above. As shown in FIG. 10 of the ’175
application, during these experiments, only gaseous prod-
ucts were observed exiting the propelling nozzle.

Exemplary Micro-thruster System

[0068] FIGS. 8 to 10D show an exemplary micro-thruster
system 800 that uses four 1.25 N striated-flow mixing
catalyzation type micro-thrusters 804(1) to 804(4) to pro-
duce a total of 5 N of thrust at full throttle. In this example,
the catalyst (not shown) is an aqueous catalyst. Micro-
thruster system 800 is particularly sized for a 4 kg (3U)
CubeSat and uses two pressurized storage tanks: a mono-
propellant storage tank 808 and an aqueous catalyst storage
tank 812. In this embodiment, micro-thrusters 804(1) to
804(4) are formed in a monolithic thruster body 816 that
may be made, for example, using an additive manufacturing
technique such as 3D printing. By virtue of its nature, a fully
functional homogeneous-catalysis-based thruster or other
structure can be made using any of a variety of additive
manufacturing processes, such as vat polymerization, mate-
rial jetting, binder jetting, powder-bed fusion, sheet lamina-
tion, and direct energy deposition, among others. This is so
because a homogeneous-catalysis-based thruster or other
structure does not require a solid catalyst, nor the complexi-
ties of forming a suitable catalyst bed. It is noted that in other
embodiments, thruster body 816 need not be monolithic.
[0069] As best seen in FIGS. 9, 10A, and 10B, thruster
body 816 includes a plate 900, five valve blocks 904(1) to
904(5), and four nozzle bodies 908(1) to 908(4) correspond-
ing, respectively, to the four micro-thrusters 804(1) to 804
(4). Valve blocks 904(1) to 904(4) correspond, respectively,
to micro-thrusters 804(1) to 804(4), and, as best seen in FIG.
9, each has two valve assemblies 912(1)A and 912(1)B,
912(2)A and 912(2)B, 912(3)A and 912(3)B, and 912(4)A
and 912(4)B attached thereto. Valve assemblies 912(1)A,
912(2)A, 912(3)A, and 912(4)A are provided for controlling
the flow of the monopropellant to corresponding respective
ones of micro-thrusters 804(1) to 804(4), and valve assem-
blies 912(1)B, 912(2)B, 912(3)B, and 912(4)B are provided
for controlling the flow of the aqueous catalyst to corre-
sponding respective ones of the micro-thrusters. In this
embodiment, valve assembly 916 is a primary control valve
for the monopropellant required for NASA applications to
provide redundancy should any one of monopropellant
valves assemblies 912(1)A to 912(4)A fail. In the present
embodiment, valve blocks 904(1) to 904(5) and nozzle
bodies 908(1) to 908(4) are formed monolithically with plate
900.

[0070] Asseenin FIGS. 10C and 10D, each micro-thruster
804(1) to 804(4) includes a corresponding striated-flow
mixing catalyzation channel 1000(1) to 1000(4) having a
monopropellant input 1000(1)A to 1000(4)A and a catalyst
input 1000(1)B to 1000(4)B. Each monopropellant input
1000(1)A to 1000(4)A is in fluid communication with a
corresponding one of monopropellant valve assemblies 912
(DA to 912(4)A (FIG. 9), each of which is in fluid commu-
nication with primary control valve assembly 916 to provide
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a fluid path from monopropellant storage tank 808 (FIG. 8)
to the corresponding striated-flow mixing catalyzation chan-
nel 1000(1) to 1000(4). Each monopropellant valve assem-
bly 912(1)A to 912(4)A controls the flow of the monopro-
pellant to the corresponding striated-flow mixing
catalyzation channel 1000(1) to 1000(4) to control the
amount of thrust provided by that micro-thruster 804(1) to
804(4). Each catalyst input 1000(1)B to 1000(4)B is in fluid
communication with a corresponding one of monopropellant
valve assemblies 912(1)B to 912(4)B (FIG. 9), each of
which is in fluid communication with catalyst storage tank
812 (FIG. 8) to provide a flow path for the catalyst from the
catalyst storage tank to the corresponding striated-flow
mixing catalyzation channel 1000(1) to 1000(4). Each cata-
lyst valve assembly 912(1)B to 912(4)B controls the flow of
the catalyst to the corresponding striated-flow mixing cata-
lyzation channel 1000(1) to 1000(4) to control the amount of
thrust provided by that micro-thruster 804(1) to 804(4). As
seen in FIG. 9, a controller 920 is in operative communi-
cation with each valve assembly 912(1)A to 912(4)A, 912
(1)B to 912(4)B, and 916 to provide the necessary control of
the valve assemblies to achieve the desired amount of thrust
from each one.

[0071] In one example, the monopropellant and catalyst
are fed, via pressure in pressurized monopropellant and
catalyst storage tanks 808 and 812 and under control of
valve assemblies 912(1)A to 912(4)A, 912(1)B to 912(4)B,
and 916, into each striated-flow mixing catalyzation channel
1000(1) to 1000(4) at a ratio of 6:1, using the striated flow
technique. In this embodiment, valve assemblies 912(1)A to
912(4)A, 912(1)B to 912(4)B, and 916 are commercially
available off-the-shelf (COTS) proportional valves, but
other valves may be used. Plate 900 contains not only
striated-flow mixing catalyzation channels 1000(1) to 1000
(4) but also integrally formed channels for delivering the
monopropellant and catalyst to valve assemblies 912(1)A
and 912(1)B, 912(2)A and 912(2)B, 912(3)A and 912(3)B,
and 912(4)A and 912(4)B (FIG. 9). Valve blocks 904(1) to
904(5) contain portions (not labeled) of striated-flow mixing
catalyzation channels 1000(1) to 1000(4) for delivering
monopropellant and catalyst to the striated-flow mixing
catalyzation channels and that connect to the outlets (not
shown) of valve assemblies 912(1)A and 912(1)B, 912(2)A
and 912(2)B, 912(3)A and 912(3)B, and 912(4)A and 912
(4)B. As seen in FIG. 10C, nozzle bodies 908(1) to 908(4)
contain the nozzles 908(1)A to 908(4)A of the four micro-
thrusters 804(1) to 804(4). It is noted that, in a plan view
(such as in FIG. 10C), nozzles 908(1)A to 908(4)A are offset
from the corresponding respective striated-flow mixing cata-
lyzation channels 1000(1) to 1000(4). This is so due to the
dimensional limitation of the CubeSat standards and the use
of particular COTS valve assemblies 912(1)A and 912(1)B,
912(2)A and 912(2)B, 912(3)A and 912(3)B, and 912(4)A
and 912(4)B that forced the offset. In other embodiments,
the nozzles can be aligned with the striated-flow mixing
catalyzation channels. In this example, each micro-thruster
804(1) to 804(4) is operated in a striated-flow regime and
has one input for the monopropellant and one input for the
catalyst. Consequently, each striated-flow mixing catalyza-
tion channel 1000(1) to 1000(4) has a single interface
between the two liquids for mixing therebetween.

[0072] It is noted that all of the mixing catalyzation
channels illustrated in FIGS. 2A to 4B, 7, 10C, and 10D are
depicted as being straight. However, mixing catalyzation
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channels of the present disclosure do not need to be straight.
For example, in some instantiations, it may be desirable or
necessary to not utilize a straight mixing catalyzation chan-
nel. FIG. 11 illustrates a combustion device 1100 having a
mixing catalyzation channel 1104 that includes a serpentine
portion 1104A located between the monopropellant and
catalyst inlets, here, a single monopropellant inlet 1108 and
a single catalyst inlet 1112, at an inlet end 1104B and an
outlet 1116 at an outlet end 1104C. In the embodiment
shown, serpentine portion 1104A is illustrated as being
centered in the length of mixing catalyzation channel 1104
and making up only a portion of the overall length of the
mixing catalyzation channel. However, neither of these
conditions is necessary. In addition, while serpentine portion
1104 A is shown as having a regular undulating shape, the
serpentine shape may have another configuration, such as
zig-zag, generally folded back on itself (e.g., horizontally or
skewed-to-horizontal relative to FIG. 11, etc.), and serpen-
tine in three dimensions, and combinations thereof, among
other configurations. Fundamentally, there is no limitation to
the shape that serpentine portion 1104A of mixing catalyza-
tion channel 1104 may have. A purpose of serpentine portion
1104A is to increase the length of mixing catalyzation
channel 1104 without increasing the total length of combus-
tion device 1100 or overall system (not shown) that may also
include a nozzle and one or more of each of a monopropel-
lant storage reservoir (e.g., tank) and a catalyst storage
reservoir (e.g., tank). The specific design of serpentine
portion 1104 A (i.e. radiuses of curvature of bends, directions
of bends, mixing length, etc.) is dependent on the charac-
teristics of the monopropellant/liquid catalyst (not shown)
and any spatial constraints and would therefore necessarily
vary between different designs while accomplishing the
same function.

[0073] The foregoing has been a detailed description of
illustrative embodiments of the invention. It is noted that in
the present specification and claims appended hereto, con-
junctive language such as is used in the phrases “at least one
of X, Y and Z” and “one or more of X, Y, and Z,” unless
specifically stated or indicated otherwise, shall be taken to
mean that each item in the conjunctive list can be present in
any number exclusive of every other item in the list or in any
number in combination with any or all other item(s) in the
conjunctive list, each of which may also be present in any
number. Applying this general rule, the conjunctive phrases
in the foregoing examples in which the conjunctive list
consists of X, Y, and Z shall each encompass: one or more
of X; one or more of Y; one or more of Z; one or more of
X and one or more of Y; one or more of Y and one or more
of Z; one or more of X and one or more of Z; and one or
more of X, one or more of Y and one or more of Z.

[0074] Various modifications and additions can be made
without departing from the spirit and scope of this invention.
Features of each of the various embodiments described
above may be combined with features of other described
embodiments as appropriate in order to provide a multiplic-
ity of feature combinations in associated new embodiments.
Furthermore, while the foregoing describes a number of
separate embodiments, what has been described herein is
merely illustrative of the application of the principles of the
present invention. Additionally, although particular methods
herein may be illustrated and/or described as being per-
formed in a specific order, the ordering is highly variable
within ordinary skill to achieve aspects of the present
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disclosure. Accordingly, this description is meant to be taken
only by way of example, and not to otherwise limit the scope
of this invention.

[0075] Exemplary embodiments have been disclosed
above and illustrated in the accompanying drawings. It will
be understood by those skilled in the art that various
changes, omissions and additions may be made to that which
is specifically disclosed herein without departing from the
spirit and scope of the present invention.

What is claimed is:

1. A catalyzation system, comprising:

a liquid monopropellant source containing a liquid mono-

propellant;

a liquid catalyst solution source containing a liquid cata-

lyst solution;

an elongated mixing catalyzation channel having:

a hydraulic diameter less than 5 mm;

a liquid monopropellant inlet in fluid communication
with the liquid monopropellant source; and

a liquid catalyst solution inlet in fluid communication
with the liquid catalyst solution source and located
proximate to the liquid monopropellant inlet; and

a flow control system designed and configured to control

flow of each of the liquid monopropellant and liquid
catalyst solution to, respectively, the liquid monopro-
pellant inlet and the liquid catalyst solution inlet so as
to create one or the other of 1) striated laminar flow and
2) slug flow in the elongated mixing catalyzation
channel.

2. The catalyzation system according to claim 1, wherein
the elongated mixing catalyzation channel has a hydraulic
diameter of between about 500 um and about 5 mm, and the
flow control system is designed and configured to control the
flow so as to create striated laminar flow in the elongated
mixing catalyzation channel.

3. The catalyzation system according to claim 1, further
comprising a gas source containing a gas, wherein:

the elongated mixing catalyzation channel has:

a hydraulic diameter of between about 5 um and about
500 pm; and

a gas inlet in fluid communication with the gas source;
and

the flow control system is designed and configured to

control flow of each of the liquid monopropellant, the
liquid catalyst solution, and the gas to, respectively, the
liquid monopropellant inlet, the liquid catalyst solution
inlet, and the gas inlet so as to create the slug flow in
the elongated mixing catalyzation channel.

4. The catalyzation system according to claim 1, wherein
the elongated mixing channel is designed in a serpentine
fashion to increase the residence time of the monopropellant
and liquid catalyst in the mixing section without increasing
the total system dimensions.

5. The catalyzation system according to claim 1, wherein
the liquid monopropellant is an oxidizer and the liquid
catalyst solution contains alcohol.

6. The catalyzation system according to claim 5, wherein
the alcohol is 2-propanol.

7. A propulsion thruster designed and configured to oper-
ate using a liquid monopropellant and a corresponding liquid
catalyst solution, the propulsion thruster comprising:

an elongated mixing catalyzation channel having:

a hydraulic diameter less than 5 mm;
a liquid monopropellant inlet;
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a liquid catalyst solution inlet located proximate to the
liquid monopropellant inlet; and

an outlet located distally from the liquid monopropel-
lant inlet and the liquid catalyst solution inlet; and

a propelling nozzle located proximate to the outlet of the

elongated mixing catalyzation channel and in fluid
communication with the elongated mixing catalyzation
channel.

8. The propulsion thruster according to claim 7, further
comprising a flow control system designed and configured to
control flow of each of the liquid monopropellant and liquid
catalyst solution inlet to, respectively, the liquid monopro-
pellant inlet and the liquid catalyst solution so as to create
one or the other of 1) striated laminar flow and 2) slug flow
in the elongated mixing catalyzation channel.

9. The propulsion thruster according to claim 7, wherein
the elongated mixing catalyzation channel has a hydraulic
diameter of between about 500 um and about 5 mm, and the
flow control system is designed and configured to control the
flow so as to create striated laminar flow in the elongated
mixing catalyzation channel.

10. The propulsion thruster according to claim 7, further
comprising a gas source containing a gas, wherein:

the elongated mixing catalyzation channel has:

a hydraulic diameter of between about 5 pm and about
500 pm; and

a gas inlet in fluid communication with the gas source;
and

the flow control system is designed and configured to

control flow of each of the liquid monopropellant, the
liquid catalyst solution, and the gas to, respectively, the
liquid monopropellant inlet, the liquid catalyst solution
inlet, and the gas inlet so as to create the slug flow in
the elongated mixing catalyzation channel.

11. The propulsion thruster according to claim 7, wherein
the elongated mixing channel is designed in a serpentine
fashion to increase the residence time of the monopropellant
and liquid catalyst in the mixing section without increasing
the total system dimensions.

12. The propulsion thruster according to claim 7, wherein
the liquid monopropellant is an oxidizer and the liquid
catalyst solution contains an alcohol.

13. The propulsion thruster according to claim 12,
wherein the alcohol is 2-propanol.

14. A spacecraft, comprising:

a liquid monopropellant storage reservoir designed and

configured to store a liquid monopropellant;

a liquid catalyst solution storage reservoir designed and

configured to store a liquid catalyst solution;

a propulsion thruster that includes:

an elongated mixing catalyzation channel having:
a hydraulic diameter less than 5 mm;
a liquid monopropellant inlet in fluid communication
with the liquid monopropellant storage reservoir;
a liquid catalyst solution inlet located proximate to
the liquid monopropellant inlet, the liquid catalyst
solution inlet in fluid communication with the
liquid catalyst solution storage reservoir; and
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an outlet located distally from the liquid monopro-
pellant inlet and the liquid catalyst solution inlet;
and
a propelling nozzle located proximate to the outlet of
the elongated mixing catalyzation channel and in
fluid communication with the elongated mixing cata-
lyzation channel; and

a flow control system designed and configured to control

flow of each of the liquid monopropellant and liquid
catalyst solution to, respectively, the liquid monopro-
pellant inlet and the liquid catalyst solution inlet so as
to create one or the other of 1) striated laminar flow and
2) slug flow in the elongated mixing catalyzation
channel.

15. The spacecraft according to claim 14, wherein the
elongated mixing catalyzation channel has a hydraulic diam-
eter of between about 500 um and about 5 mm, and the flow
control system is designed and configured to control the flow
s0 as to create striated laminar flow in the elongated mixing
catalyzation channel.

16. The spacecraft according to claim 14, further com-
prising a gas source containing a gas, wherein:

the elongated mixing catalyzation channel has:

a hydraulic diameter of between about 5 um and about
500 pm; and

a gas inlet in fluid communication with the gas source;
and

the flow control system is designed and configured to

control flow of each of the liquid monopropellant, the
liquid catalyst solution, and the gas to, respectively, the
liquid monopropellant inlet, the liquid catalyst solution
inlet, and the gas inlet so as to create the slug flow in
the elongated mixing catalyzation channel.

17. The spacecraft according to claim 14, wherein the
elongated mixing channel is designed in a serpentine fashion
to increase the residence time of the monopropellant and
liquid catalyst in the mixing section without increasing the
total system dimensions.

18. The spacecraft according to claim 14, wherein the
liquid monopropellant is an oxidizer and the liquid catalyst
solution contains alcohol.

19. The spacecraft according to claim 14, wherein the
alcohol is 2-propanol.

20. A method of making a thruster, comprising:

forming a homogeneous mixing catalyzation channel

using additive manufacturing;
forming at least one monopropellant input channel using
additive manufacturing, wherein the at least one mono-
propellant input channel is in fluid communication with
the homogeneous mixing catalyzation channel;

forming at least one catalyst input channel using additive
manufacturing, wherein the at least one catalyst input
channel is in fluid communication with the homoge-
neous mixing catalyzation channel; and

forming at least one nozzle using additive manufacturing,

wherein the at least one nozzle is in fluid communica-
tion with the homogeneous mixing catalyzation chan-
nel.



